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Abstract
This study investigated the role of temperature and ultraviolet radiation (UVR) in
determining spawning success of yellow perch in two lakes with different dissolved
organic carbon (DOC) concentrations. A combination of spawning surveys and
experimental manipulation of UVR and spawning substrates was used to compare the
depth distribution of egg masses as well as the timing and success of hatching. In the low
DOC lake, perch eggs placed at shallow depths (0.5 m) survived well in the UVR-
,shielded treatment while eggs exposed to UVR all perished. Eggs incubated in shallow
water in the low UVR lake survived equally well in both treatments. Perch egg survival
was not significantly different between UV-shielded depth treatments in either lake.
However, development time was increased substantially at deeper depths. SCUBA
surveys of egg depth distribution and habitat availability confirmed previous studies that
yellow perch spawn deeper in the high UVR Lake. Substrate availability and utilization
data suggest that in the low UVR lake perch prefer woody structure. Vegetation was
preferred in the high UVR lake. Artificial substrates were placed at experimental sites in
both lakes in order to test perch spawning depth preferences in the presence of identical
substrate. The depth of peak spawning activity was found to be relayed to the opposing
selective pressures: UVR and water temperature. UVR drives spawning depth deeper in
the low DOC lake by reducing survival in shallow areas. Co'oler temperatures playa
substantial role in driving spawning shallower by increasing hatching times and
shortening the time that larval perch can utilize important food sources. The interactive
effects of UVR and temperature are likely to be important to other species of fish as well
and illustrate a model in which developing fish endure the more subtle, indirect effects of
UVR. Studies involving ultraviolet radiation (UVR) may contribute significantly to our
understanding of recruitment in freshwater fishes.
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Introduction
Many factors influence recruitment and year-class strength in yellow perch.
Among them are predation, availability of breeding sites, spawning stock size, match of
hatching time to spring plankton blooms, and exploitation (Jobling 1995). Factors
influencing mortality very early in life were shown to be most critical in determining the
strength of the year-class at the end of the first year (Forney 1971). The size of a given
year-class is largely determined at a relatively early stage, so it is egg and larval survival
that are particularly important in determining recruitment fluctuations in percids (Koonce
et al. 1977).
Short-term changes in the environment such as water levels and meteorological
conditions can cause year to year variations in recruitment to occur (Henderson 1985,
Clady 1976). Other abiotic factors such as wind and water temperatures have been well
studied and are thought to be important (Eshenroder 1977, Aalto and Newsome 1993).
Ultraviolet radiation (UVR) has been studied more recently and may contribute
significantly to our understanding of recruitment in both freshwater and marine fishes
(Williamson et al. 1997, Gutierrez and Williamson 1999, Beland et al. 1999, Hunter et al.
1981).
Yellow perch spawn in the spring when thermal stratification is common in
temperate lakes. In large lakes, wind-driven mixing will reduce temperature gradients,
but in smaller lakes, pronounced vertical gradients in temperature and UVR could
potentially lead to variation in spawning habitat quality with depth. It has been suggested
that yellow perch respond to negative selective pressures related to UVR damage by
spawning at greater depths (Williamson et al. 1997). A consequence of spawning deeper,
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however, is that eggs may be exposed to colder incubation temperatures and therefore
suffer detrimental effects such as longer development times and decreased hatching
success (Hokansen and Kleiner 1974).
Here I hypothesize that there is an optimum depth for yellow perch spawning in
lakes which is due to potential for UVR damage near the surface and sub-optimal
development temperatures at deeper depths (Figure 1). The harmful effects ofUVR are
greater in the surface and are assumed to decrease at the rate 'that UVR is attenuated in
the water column, while the intensity of the deleterious effects of colder temperature
increases with depth in stratified systems. This suggests that there is an intermediate
spawning depth, which minimizes negative effects from both photodamage and
temperature.
Dissolved organic carbon (DOC) is a major regulator of these vertical habitat
gradients. DOC controls temperature profiles (Fee et al. 1996) and the attenuation of
UVR (Morris et al. 1995), which implies that vertical habitat gradients will vary with
DOC concentration. Increased water transparency, which is due to lower DOC
concentration in small lakes, can cause the epilimnion to be deeper by 1-2 meters (Fee et
al. 1996). Higher water transparency also results in increased exposure of aquatic
organisms to UVR, particularly near the surface. Accordingly, the optimum depth for
perch spawning should be nearer to the surface in high DOC systems because there is
little risk ofUVR damage. Additionally, the shallower and more confined epilimnia in
high DOC lakes constricts the depth range for which there are favorable development
temperatures (Figure 1).
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It has been shown that yellow perch prefer to spawn in the vicinity of their natal
sites (Aalto and Newsome 1990). Given this site fidelity, spawning activity may be used
as a proxy for the optimum range of spawning depths. Although our model only utilizes
the abiotic variables UVR and temperature to predict spawning activity, the depth range
of the most intense spawning may provide evidence that spawning depth is indeed .being
driven in large part by these selective pressures. I tested these predictions of how
temperature and UVR might influence habitat and egg development by performing egg
depth distribution surveys of moderate and low-DOC lakes and by performing in situ
incubation experiments that manipulated UVR and temperature.
Yellow perch prefer certain types of spawning substrate, particularly periphyton-
free woody structure (Gillett and Dubois 1995, Sandstrom et al.1997, Fisher et al. 1996).
The availability of suitable spawning substrate at different depths may also be an
important factor to consider. I tested the hypothesis that diff~rential substrate availability
is not a primary factor that determines spawning depth by performing a comprehensive
survey of habitat type availability, in addition to carrying out an artificial substrate
experiment in both of the study lakes.
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Methods
The study lakes, optical measurements and temperature measurements
Lake Giles and Lake Lacawac are located in the Pocono Lakes Region of
Northeast Pennsylvania at an elevation of about 430 m. Lake Giles is located at 41 °23'
N, 75° 06' W. It is an oligotrophic, low-DOC (1.1 mg/L) lake with a surface area of 48
ha, mean depth of 10.1 m and a maximum depth of24 m. Typical Secchi depths range
from 10 to 15 m and pH is about 5.3. Lake Lacawac is located at 41 °23' N, 75°18' W. It
is a mesotrophic, relatively higher DOC (4.7 mg/L) lake with a surface area of21 ha,
mean depth of5.2 m and a maximum depth of 13 m. Typical Secchi depths range from 4
to 6 m and pH is about 6.3. Both lakes are dimictic, with ice-out dates that usually occur
near the beginning of April for Lake Lacawac; Lake Giles normally thaws about a week
later than Lake Lacawac (Moeller et al. 1993, Williamson et al. 1999).
Water temperatures were recorded at 15 minute intervals by deploying two sets of
calibrated Onset® temperature loggers attached to experimental apparatus at 0.5 and 8.0
m in Lake Lacawac and at 0.5, 6.0, and 15.0 m in Lake Giles (Figure 2). Data from a
weather station located in Lake Lacawac was used to confirm the accuracy of
temperature probes. Underwater solar UVR was measured in the two lakes weekly using
a Biospherical Instruments PUV-501b. Diffuse attenuation coefficients were estimated
from the slope of the linear regression relationship between t?e natural logarithm of
downwelling irradiance vs. depth in the surface waters of each lake. Ambient UVR data
was collected with a Biospherical Instruments GUV 521 on a Campbell Scientific CR-10
data logger located on the weather station near Lake Lacawac. This provided a general
characterization of the solar UVR environment at different depths during the experiment.
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Dissolved oxygen and temperature profiles were performed weekly in both lakes using a
Model 58 YSI dissolved oxygen meter.
The study organism
Yellow perch are very adaptable and able to use a variety of habitats, from large
lakes to small ponds or quiet rivers (Scott and Crossman 1979). They are described as
"cool water" fish by Magnuson (1991) with a range of preferred temperatures from 20-
25° C as adults. Yellow perch and the European perch (Percafluviatilis), which may be
considered biologically equivalent (Thorpe 1977), are widespread throughout North
America, Europe and Asia (Scott and Crossman 1979). Yellow perch are taken
commercially from Ohio to Alberta with as much as 72 million pounds being harvested in
one year. This species is also a main component in the diet of such game fish as the
walleye (Stizostedion vitreum) and the northern pike (Esox lucious) (Seaburg and Moyle
1964). Their high reproductive potential, growth rates, and feeding effectiveness allows
them to compete intensively with other species for food resources (Reyes et al. 1992,
Scott and Crossman 1979). They are annual spawners with synchronous oocyte growth
during fall through winter, which culminates in spring spawning when thermal
stratification is common in temperate lakes (Hokanson 1977, Reyes et al. 1992,
Sandstrom 1995). Unlike most teleost fishes, perch spawn their eggs embedded in a
gelatinous, accordion-like matrix and prefer substrate such as woody debris, submerged
macrophytes and other structures to entangle egg strands. The gelatinous matrix in which
the eggs are embedded has been shown to be a strong deterrent to predators (Newsome
and Tompkins 1985), so reports of predation on perch eggs are lacking. The duration of
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the spawning period is variable and can last from 1 to 4 weeks (Hokanson 1977, Thorpe
1977).
SCUBA surveys ofspawning depths and habitat availability
SCUBA surveys of the depth distribution of egg masses were performed from the
23 rd - 2ih of April in Lake Lacawac and from the 10th _13 th of May 1999 in Lake Giles.
Divers swam underwater transects along the bottom from shore toward the center of the
lake on a chosen compass heading. Transect length was determined by traveling about
15 meters beyond the point at which no additional eggs were seen, or to a maximum
depth of 7 m in Lake Lacawac or a maximum of 14 meters in Lake Giles (Figure 2). All
egg masses within two meters of the transect line were counted and recorded over 1
meter depth intervals. Additionally, divers recorded the presence or absence of 6
different categories of substrate at each depth interval. The categories included rocks,
mud, leaves, woody structure, sand, and aquatic macrophytes. Transect starting points
were chosen to give uniform coverage of the perimeter of the lakes. Seventeen transects
were surveyed in Lake Lacawac and 20 were surveyed in Lake Giles.
In spring of 1997 and 1998, depth surveys of yellow perch eggs were performed
from a boat within one week of spawning in each lake. The entire shoreline of each lake
was surveyed and the depth of all perch egg masses above 5 m depth were recorded (see
Williamson et al. 1997). These surveys were only capable of detecting eggs masses to a
maximum depth of 5 m. The substrate categories (rocks, mud, leaves, woody structure,
sand, aquatic macrophytes) that each egg mass was located on was recorded as well.
These surveys indicated which of the categories listed above.were preferred by spawning
perch. That is, the 1997-98 surveys measured substrate utilization rather than substrate
8
availability. The selectivity index, Ei* (Vanderploeg and Scavia, 1979a and b) was
employed to estimate the degree to which different substrate types were selected by
spawning perch in each lake. Ei* values were calculated using relative habitat
availability and relative habitat utilization data from both Lakes. Index values range from
one to negative one, zero indicates no selection, a value of positive one indicates the
strongest selection for a particular type and negative one indicates the strongest selection
against a substrate type.
In situ experimental manipulations oflight environment and depth
I studied the effects of colder incubation temperatures and UVR on yellow perch
eggs in an experiment carried out in two lakes with different optical and thermal
properties. I placed about 10 recently spawned eggs from Lake Giles in quartz tubes with
202 !lm mesh end stoppers that allowed circulation of ambient water. Four replicate
tubes were attached to the underside of either UV-transparent (OP-4) or UV-opaque (OP-
2) acrylic shields. In Lake Giles, the apparatus were suspended 40 cm above the lake
bottom at 0.5,6.0, and 15.0 m depth. In Lake Lacawac, apparatus were placed at 0.5 and
8.0 meters. These depths were chosen in order to determine the effects ofUVR damage
and sub-optimal temperatures at hypothesized optimal and sub-optimal depths in each
lake. Two sets of apparatus were placed in two different locations within each lake
(Figure 2) to account for possible site-specific effects. Experiments were checked every
two days by SCUBA diving to the sites. The number of live and dead eggs was recorded
for each replicate. The tubes were removed when the eggs in each tube either hatched or
died. Dissolved Oxygen was measured periodically at the experimental sites.
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Artificial Substrate Experiments
Artificial substrates made from freshly cut hemlock boughs (~1 m2) were placed
at the experimental depths in each lake in the vicinity of the tube experiment sites (Figure
2). Several studies have shown that this type of substrate is very attractive to spawning
yellow perch (Gillet and Dubois 1995, Sandstrom et al. 1997, Fisher et al1996). This
experiment allowed us to determine the depths at which perch prefer to spawn when
suitable substrate is not limited over a range of depths. This permitted us to assess the
importance of substrate availability in determining spawning depth. The number of egg
masses spawned on each substrate was recorded every two days at the same time as the
tube experiments.
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Results
Both lakes stratified during the course of the perch spawning season. Mean
temperatures during the incubations were higher in Lacawac than in Giles (Table 1) and
eggs in both lakes developed during a period of rising temperatures (Figure 3). UVR was
attenuated much more rapidly in Lacawac than in Giles. The estimated 1% attenuation
depths UV-B ("'-=320 nm) radiation were 0.53 meters in Lake Lacawac and 4.9 meters in
Lake Giles (Table 2). Irradiance in Lake Giles at 0.5 m was several orders of magnitude
higher than in Lake Lacawac at 0.5 m, while irradiance at 6.0 m in Lake Giles was
comparable to 0.5 m in Lake Lacawac (Table 2). The deepest treatments in both lakes
received much less than 1% of surface UVR irradiance.
Depth treatments in the enclosure experiments show~d that hatch times were
increased substantially at the deeper sites because of colder incubation temperatures
(Table 1). For example, in Lake Lacawac it took 9 days for eggs to hatch at 0.5 meters
and 24 days at 8.0 meters. In Lake Giles the 0.5 meter treatments took 19 days to hatch
while at 15 meters it took 35 days. Hatching success was not significantly different
between UVR shielded depth treatments in Lake Giles (One-way ANOVA, F=0.19,
P=0.83). In Lake Lacawac, results from east and west experimental sites were found to
be significantly different (Two sample T-test, T=2.47, P=0.02) so UVR shielded depth
treatments were analyzed separately. Hatching success was not significantly different
between depth treatments at the east Site (One-way ANOVA, F=0.18, P=0.68), however,
results were significantly different at the west site (One-wayANOVA, F=6.25, P=O.05).
Overall hatching success was much greater in Lake Giles (91-98%) than in Lake
Lacawac (16-59%). UVR treatments in the quartz tube experiments revealed that UVR
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had a strong effect on the survival of eggs in Lake Giles at 0.5 meters (Table 1). Eggs in
the shallowest UV transparent treatment in Lake Giles all perished by day 10 of the
experiment. All other treatments in Lake Giles showed 91 % or better survival to
hatching. Although eggs exhibited reduced survival in all treatments in Lake Lacawac
(Table 1), a two way ANOVA showed no significant effect ofUVR (F=3.72, P=0.08).
Surveys of egg depth distributions from this and previous years demonstrated that
yellow perch rarely, if ever, spawn deeper than 2 meters in Lake Lacawac or shallower
than 2 meters in Lake Giles (Williamson et al. 1997). Maximum spawning depths
determined from boat surveys in Lake Lacawac were 1.25 m (n=25, median=0.75 m) in
1997 and 1.45 m (n=50, median=0.54 m) in 1998. The percentage of egg masses found
shallower than 1 meter in 1997 and 1998 was 80% and 82% respectively. In 1999, most
spawning occurred over the 0-1 m (n=87) depth interval in Lake Lacawacand no eggs
were found below 2 m during SCUBA surveys (Table 3). Results of the SCUBA surveys
in Lacawac confirmed that surveys from the boat were likely to detect all the egg masses
in the previous years. Boat surveys in Lake Giles during 1997 and 1998 were only
capable of detecting egg masses to 5 meters, so egg mass data below this depth is
unavailable. Only 1 egg mass was found shallower than 2 m~ters in Lake Giles in1997
(n=88, median=4.50 m) and 6 egg masses were found shallower than 1 meter in 1998
(n=143, median=4,3 m). In 1999, the median spawning depth interval in Lake Giles was
5-6 m (n=222) and no eggs were found above 2 m. It is worthwhile to note that 76% of
the eggs sampled in 1999 were found in the top meter in Lake Lacawac, while egg
masses were distributed over much wider range of depths in Lake Giles (Table 3).
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Substrate availability was found to be similar at spawning depths in both lakes for
the categories measured (Figure 4). An exception to this trend was the presence of
aquatic macrophytes at deeper depths in Lake Giles than in Lake Lacawac. Substrate
utilization surveys revealed that the largest percentage of egg masses were found on
woody structure in both years in Lake Lacawac. Sixty percent of the egg masses in Lake
Lacawac were found on woody structure and 20% were found on aquatic macrophytes in
1997,38% were found on woody structure and 23% were located on aquatic macrophytes
in 1998. In Lake Giles 48% of egg masses were found on aquatic macrophytes in 1997,
while 30% were found on mud. In 1998 in Lake Giles 41 % were found on mud and 23%
were present on aquatic macrophytes (Table 4).
Selectivity index (Ej*) values in Lake Lacawac show that wood and to a lesser
extent leaves and vegetation are the preferred habitats, while rocks, mud, and sand in
particular are not strongly selected. In Lake Giles, vegetation and mud are the preferred
habitats while leaves and especially sand are avoided (Figure 5).
Artificial substrates were used preferentially at the hypothesized optimal depth of
6.0 meters in both locations in Lake Giles (Table 5). None of the artificial substrates
placed in Lake Lacawac were utilized for spawning by yellow perch.
Copepod nauplii epilimnetic densities, determined from routine sampling
activities of the Pocono Comparative Lakes Program, (Moeller et al. 1993) show a
decreasing trend in the availability of an important food source for early larval stages of
yellow perch in the study lakes (Figure 6).
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Discussion
We extend previous work by Williamson et al. (1997) by conducting surveys of
egg masses using SCUBA, performing experiments near the margins of the lakes at
various depths, and testing UV shielded versus unshielded treatments. Williamson et al.
(1997) found that yellow perch spawned deeper in low DOC Lake Giles than in moderate
DOC Lake Lacawac. However, these surveys were incomplete in Lake Giles because the
depths surveyed were limited to those observable from a boat «5 m). In this study,
SCUBA surveys revealed that perch were spawning much deeper than previously known
in Lake Giles. In Lake Lacawac all of the eggs found during SCUBA surveys were at
shallow depths that could be easily detected from a boat. Th!0ugh enclosure
experiments, Williamson et al. (1997) also determined that eggs perished when incubated
at 0.8 meters in Lake Giles, even when shielded from UV-B, though eggs incubated at
0.8 meters in Lake Lacawac had high rates survival to hatching.
Temperature and UVR predict the depths of peak spawning when viewed as
opposing selective pressures that drive spawning activity towards depths where
detrimental impacts are minimized. The model (Figure "1) predicts that there is an
optimal spawning depth for yellow perch in lakes. This results from the potential for
photodamage in shallow waters and sub-optimal development temperatures that occur at
greater depths. The results of this study are consistent with this model and support the
hypothesis that UV and temperature are primary factors in determining perch spawning
depth (Figure 7). In the shallow waters of Lake Giles, UVR was demonstrated to be an
important parameter; UV shielded eggs displayed nearly 100% survival, while unshielded
eggs all perished. Hokanson and Kleiner (1974) showed that perch eggs that are
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incubated at sub-optimal temperatures suffer increased mortality and longer development
times. Low fertilization temperatures could also exacerbate egg mortality (Clady 1976).
Although direct mortality from low development temperatures was not detected in this
experiment, development times were substantially increased at greater depths in both
lakes.
Longer development times could have various consequences for perch.
Production of copepod nauplii, one of the primary foods of perch larvae from the study
lakes (Dina Leech, Lehigh University, pers. comm.), show a decreasing trend in density
from ice-out in the spring to early summer (Figure 6). Copepod nauplii have been shown
to be an important early food source for perch larvae in other lakes as well (Fisher and
Willis, 1997). This is an example of how the timing of larval production may
"mismatch" the production of their principal food (Cushing, 1990). Declining food
supplies may slow larval growth and cause the larval period to be extended, thus
increasing the possibility that vulnerable larvae will be consumed by predators. Subtle
variability in larval predation and starvation rates are difficult to estimate, but are likely
to exert a greater effect on recruitment than catastrophic moI1ality (Houde, 1989). More
slowly developing eggs are also exposed to dangers such as mechanical damage and
transport to poor locations by water currents for a longer duration.
Factors other than UVR and temperature are also important in the placement of
eggs and ultimately in the survival of eggs and larvae. Dissolved oxygen may fall below
adequate levels in some lake systems or silt and mud could clog the microscopic canals in
the gelatinous matrix through which water circulates and supplies the eggs with oxygen.
I suspect that eggs in quartz tube experiments in Lake Lacawac showed uniformly lower
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survival because large amounts of silt were stirred up while checking the experiments.
The silt may have clogged the mesh stoppers in the ends of the tubes and oxygen levels
became depleted as a result. This could happen when eggs are naturally deposited in
locations with large amounts of fine sediments.
Differential substrate availability is not a primary factor in determining spawning
depth, although it may play an important role as a secondary determinant. The relative
capability of woody or other rough substrate to reduce transport of eggs to harmful
locations could lead to a tendency for perch to show substrate-selective spawning (Doff
1982, Aalto and Newsome 1993). Strong winds provide a potential mechanism for
blowing perch eggs ashore. This phenomenon was observed in Oneida Lake by Clady
and Hutchinson (1975). Perch eggs were not exposed to this situation in Lake Lacawac
or Lake Giles because of the relatively small fetch of these lakes. Placement of the eggs
so that the accordion-like strands are extended over woody structures also ensures that
eggs remain well-oxygenated (Reyes et aI., 1992).
Indeed, it appears that there is a preference for woody structure as a spawning
substrate in Lake Lacawac (Figure 5). Availability of woody structure decreases with
depth in both lakes (Figure 4) and may provide an explanation for the clustering of perch
eggs so close to the surface in Lake Lacawac. Perch eggs that might be placed on
available wood substrate in shallow water in Lake Giles would likely suffer severe
damage from UVR. Consequently, this substrate is essentially unavailable for spawning
use. The fact that woody structure, supplied mainly by fallen trees and branches near the
edge of the lake, occurs in shallow water compounds the indirect deleterious effects of
UV radiation in low-DOC lakes. Not only are the eggs exposed to colder temperatures
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by spawning deeper, they are also deprived of premium substrate. This phenomenon also
clarifies why artificial substrate was used preferentially at deeper depths in Lake Giles
and not at all in Lake Lacawac. There was no lack of good substrate in Lake Lacawac at
optimal spawning depths; however, in Lake Giles the deeper artificial substrates
experienced heavy usage because woody structure is naturally found too close to the
surface to use.
With few exceptions, (Williamson et al. 1997) water transparency has been
neglected as a factor that has a substantial impact on perch, despite the fact that it is an
essential component of the vertical habitat gradient. Many s~udies report perch spawning
depths but few report water transparency (Newsome and Aalto 1987, Zeh et al. 1989,
Gillett and Dubois 1995). In addition, changes in temperature with depth should be
examined in addition to the traditional practice of studying temperature changes over
time periods such as seasons (Henderson 1985, Koonce et al. 1977, Forney 1971).
Evidence of stratospheric ozone depletion has led to concern about the effects of
UVR on populations of various species, including fish and amphibians (Blaustein 1994,
Hunter 1981). However, little is known about how natural populations, communities, and
ecosystems are influenced by solar UVR. Experimental research is necessary to
determine the adaptive behavioral strategies of fish to increased levels ofUVR and their
associated costs (Siebeck et al. 1994). Damaging solar radiation may interact with other
factors that have been demonstrated to be important in regulating recruitment and year-
class strength in fish populations. Perhaps the most important of these factors is water
temperature. Changes in the level of DOC in aquatic environments that are caused by
anthropogenic changes in watershed characteristics can affect both the thermal and
17
optical properties of the system (Fee et al. 1996, Williamson et al. 1996, Schindler et al.
1992). This, in tum, can potentially impact fish communities regardless of change in
stratospheric ozone levels.
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Figure 1. Hypothesized optimum spawning depths for yellow perch in Lake Lacawac and
Lake Giles. The solid line in Figure 1 represents photodamage effects and was calculated
using an attenuation coefficient (A =320) determined from UV profiles in each lake during
the spring spawning period. The dashed line, which represents temperature effects in the
study lakes, was calculated by using laboratory data from Hokanson and Kleiner (1979) to
generate a polynomial equation that describes the relationship between temperature and perch
egg survival. Temperature data from the study lakes was put into the equation as the x-value
for each depth; the resulting y-value is the intensity of the temperature effect. The line that
represents the intensity of spawning activity is therefore generated by adding the values of
the other two variables and subtracting this sum from the maximum intensity value. The top
panel in Figure 1 is for the moderate-DOC Lake Lacawac and the bottom panel uses values
from low-DOC Lake Giles.
Figure 2. Positions of experimental sites and survey lines. Artificial substrates were placed
in the immediate vicinity of the experimental sites. Bathymetric maps were digitized from
maps shown in Moeller et al. (1993).
Figure 3. Lake Lacawac and Lake Giles water temperatures during the spring 1999 yellow
perch spawning season at experimental depths. Twenty-four hour moving averages are
shown for temperatures recorded at fifteen minute intervals at both sites. (a)Temperatures
increased at a rate of 0.400 C per day at 0.5 m and 0.020 C per day at 8.0 m. (b)Temperatures
increased at a rate of 0.370 C per day at the 0.5 m, 0.180 C per day at 6.0 m, and 0.030 C per
day at 15.0 m.
Figure 4. Substrate count per depth unit sampled for six different substrate types from
SCUBA surveys in Lake Lacawac and Lake Giles. Substrate counts were divided by the
number of surveys performed at each depth to account for unequal sampling effort among
depths (See Table 3).
Figure 5. Selectivity index (Ej*) scores for habitat types in Lake Lacawac and Lake Giles.
Possible index values range from -1 to 1. A score of zero indicates neutral selection,
negative values indicate that a particular type is avoided while positive values indicate that
the substrate type is selected by spawning perch.
Figure 6. Copepod nauplii daytime epilimnetic densities for both lakes during spring of
1990, 1991,and 1992 (Moeller et al. 1993). Standard errors are shown for each sample date.
Peak spawning occurs about the 15th of April in Lake Lacawac and 2pt of April in Lake
Giles. Arrows indicate hypothetical hatch dates based on development times at different
depths from peak spawning until hatch. Development times were determined during spring
1999 incubation experiments (See Table 1).
Figure 7. Hypothesized predicted spawning activity (Figure 1) superimposed over actual
perch egg depth distributions from spawning surveys performed in both lakes during spring
1999. Spawning activity curves were scaled so that the maximum peak in the egg depth
distribution matched the peak in the predicted distribution. Perch egg masses were divided
by the number of depth units sampled to account for unequal sampling effort among depths.
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Table 1. Hatching time and survival for yellow perch eggs incubated in situ in Lake
Lacawac and Lake Giles PA. Eggs were incubated at different depths and were exposed
to light environments that included UV-shielded (removes most UVR below 410 nm)
and unshielded (removes most radiation below 272 nm) treatments. The duration of the
experiment in Lake Lacawac was from 5-29 May 1999 and in Lake Giles from 21 April-
26 May 1999. Figures shown for survival to hatching are averages with standard errors
(n=8). Both sites were combined in Lake Giles since there was no significant difference
in results between sites.
Lake Lacawac
Percent Survival to Hatching Mean Time to Hatch (days)
Site Depth (m) With UVR Without UVR Temp. (0C) With UVR Without UVR
E 0.5 40±8.3 48±6.0 13 9 9
W 0.5 16±7.0 34±5.0 13 9 9
E 8.0 59±3.5 45±3.5 8.8 24 24
W 8.0 41±3.1 49±3.4 8.4 24 24
Lake Giles
Percent Survival to Hatching Mean Time to Hatch. (days)
Site Depth (m) With UVR WithoutUVR Temp. (0C) With UVR Without UVR
E&W 0.5 0 95±1.9 11 N/A 19
E&W 6.0 98±1.5 95±1.8 10 23 23
E&W 15.0 98±1.6 91±4.0 7.7 35 35
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Table 2. Total Irradiance for each depth in Lake Giles and Lacawac during the
experimental period. One exposure day is defined as the equivalent amount of 305 nm
solar radiation received at the surface of the lake on a sunny day in June or July (avg.
column ozone = 306 Dobson Units). One exposure day = 1.01 KJ m-2 nm-1 at 305 nm.
Depth Duration Irradiance at 305 nm (Exposure Days)
Lake Treatment (Days) Average (dai1) Total
Lacawac 0.5 m 9 0.002 0.02
Lacawac 8.0m 24 0 0.00
Giles 0.5m 19 0.23 4.3
Giles 6.0m 23 0.0007 0.02
Giles 15.0 m 35 0 0.00
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Table 3. Depth distribution of yellow perch eggs from SCUBA surveys in moderate-DOC Lake Lacawac (N
== 87 egg masses, median depth == 0-1 m) and low-DOC Lake Giles in Spring 1999 (N == 144, median depth ==
5-6 m).
Depth Egg Masses per Depth Sample Units per Depth Egg Masses per Sample Unit
(m) Lac Gil Lac Gil Lac Gil
0-1 66 0 17 20 3.88±1.73 0.00
1-2 21 0 17 20 1.24±0.63 0.00
2-3 0 11 15 20 0.00 0.60±0.37
3-4 a 26 12 20 0.00 2.05±0.53
!'-.l
4-5 0 27 5 20 0.00'D 2.00±0.46
5-6 0 34 4 20 0.00 2.60±O.79
6-7 0 22 1 19 0.00 2.21±0.46
7-8 * 7 * 15 * 0.87±0.24
8-9 * 3 * 14 * 0.2l±0.15
9-10 * 1 * 14 * 0.07±0.07
10-11 * 5 * 13 * 0.46±0.31
11-12 * 6 * 13 * 0.69±0.31
12-13 * 1 * 10 * 0.20±0.10
13-14 * 1 * 7 * 0.14±0.14
Table 4. Availability of different types of
substrate in Lake Lacawac and Lake Giles are
based on SCUBA surveys performed during
spring 1999. Utilization of different substrate
types was determined during spawmng
surveys in spring of 1997 and 1998.
Lake Lacawac
Habitat Type % Available % Utilized
Rocks 17 6
Mud 38 17
Leaves 4 8
Wood 14 46
Sand 14 1
Vegetation 12 22
Lake Giles
Above 5 meters Below 5 m
Habitat Type % Available % Utilized % Available % Utilized
Rocks 22 15 10 *
Mud 27 37 36 *
Leaves 9 4 1 *
Wood 12 11 3 *
Sand 8 0 5 *
Vegetation 23 33 45 *
*Substrate utilization data not available below 5 meters in Lake Giles.
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Table 5. Number of perch egg masses found
on artificial substrates in Lake Giles, PA (9
April- 26 May 1999). Artificial substrates
placed in Lake Lacawac, PA were not utilized
by yellow perch for spawning.
Number of egg masses
Depth (m) SE Site NE Site
0.5 0 0
6.0 25 18
15.0 1 4
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